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WINGS BY MEANS OF A TUFT GRID

By Jobn D. Bird and Donald R. Riley
SUMMARY

A technique for obtaining a physical picture of the flow behind a
wing, combination of wings, or other aircraft components is described.
This technique involves photographing from far downstream the action of
a large number of tufts of uniform length mounted on a screen. This
procedure permits obtaining, in an approximate fashion, an important
result of a pitot-yaw-head survey; namely, a vector plot of the flow
field in a plane normal to the air stream at a station downstream of an
aerodynamic surface. A preliminary examination of the tuft-grid tech-
nique as discussed in this paper indicates that quantitative analyses
concerning such factors as trailing-vortex strength and location, approx-
imate downwash and sidewash angles over a large field behind lifting
surfaces and other aerodynamic forms may be satisfactorily conducted
with the data obtained by this technique.

INTRODUCTION

Present trends in aerodynamic design are toward the use of unor-
thodox wing plan forms, lower aspect ratios, and unusual combinations
of lifting surfaces. These trends are particularly evident in missile
design where low-aspect-ratio cruciform arrangements and tandem sur-
faces of approximately equal area are commonly encountered. A good
understanding of the complicated flow fields existing in the vicinity
and downstream of these lifting-surface arrangements is necessary in
order to provide for an optimum choice of geometry and, in particular,
for an optimum placement of rear surfaces relative to those in front.

A technique for obtaining a physical picture of the flow field
behind a wing, combination of wings, or other airplane components has
been developed in the Langley stability tunnel. This technique involves
photographing from far downstream the action of a large number of tufts
of uniform length mounted on a screen. This procedure permits, in an
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approximate fashion, obtaining an important result of a pitot-yaw-head
survey; namely, a vector plot of the flow field in a plane normal to the
air stream at a station behind an serodynamic surface. In this sense,
a tuft grid should be particularly useful in the instruction of aerody-
pamics and in furnishing at least approximate downwash and sidewash
data over a large aresa behind wings. Tufts have, of course, frequently
been employed as an aid to visuallzing flow 1n the vicinlty of serody-
namic shapes and in various forms of wind channels. References 1 and 2
describe the use of tufts in recording the downwash and general flow
character behind 1ifting surfaces by making photographs of tufts sus-
pended on wires. These photographs were made along a line about normal
to the free stream and are an excellent means for establishing approxl-
mate downwash angles with a minimum of labor.

A preliminary study of the application of the tuft-grid technique
for visualizstion of the flow field behind several low-aspect-ratio
wings has been completed and some of the results of this study are pre-
gsented herein. Surface-tuft photographs and some force data, obtained
at the same dynamic pressure, are also presented to provide a broader
interpretation of the results. No attempt has been made to analyze the
results in a quantitative manner, although such analyses are practical.

SYMBOLS

The force and moment data presented herein are in the form of stand-
ard NACA coefficients which are referred to the system of axes shown in
figure 1. The origin of the axis system coincides wlth the plane of
symmetry and the quarter chord of the mean aerodynamic chord. The coef-
ficients and symbols are defined as follows:

cr, 1ift coefficlent @
. qS
Cp drag coefficient (?Eg%)
Q
Cn pltching-moment coefficient Qﬁ%a
M pitching moment about wing mounting point
q dynamic pressure

S wing area
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o] wing mean serodynamic chord

Crp uncorrected angle of attack

a angle of attack

B angle of sideslip

x! distance from trailing edge to wing mounting point

APPARATUS, MODELS, AND TESTS

Description of Tuft Grid

The tuft grid employed in this investigation consisted essentially
of a rectangular grid of fine wires (0.012-in. diameter) of l-inch
mesh supported at the periphery by a tubular framework with 3-inch woolen
tufts attached at the intersections of the wires. The tufted area of
the grid was 50 inches wide and 26 inches high. A preloading system
conslsting of a spring mounted between one end of each wire and the
frame was used to maintain a 1l.5-pound tension in each wire. Xach inter-
section of a vertical and a horizontal wire was soldered so that rela-
tive movement between wires would be eliminated.

The tufts were of 4-ply-wool baby yarn and were attached to the
grid with strong thread. A small loop of thread was provided at the
attaching point in order to permit the tuft to move freely in all direc-
tions. The downstream end of each tuft was tled with thread to prevent
the strands of wool from unraveling. A close~-range photograph showing
the wires and tufts of the tuft grid is presented as figure 2.

A truss-like structure was welded to each of the rectangular frame
members to provide a fairly rigid frame. The frame and truss-like struc-
ture were fashioned from thin-wall streamline tubing baving a 0.75-inch
chord. Mounting brackets were located at each of the four corners for
attaching the frame to the supporting system used in the tunnel.

The supporting system included two vertical members constructed
from streamline tubing to which the mounting brackets were attached.
The attachments were such that the tuft grid could be located at any
desired verticel position. Four pieces of 2-inch angle iron, each
3 feet in length and placed parallel to the air stream - two were bolted
to the tunnel ceiling and two, to the tunnel floor - provided a means
for locating the grid at any desired station downstream of the model.
A photograph of the tuft grid and its supporting system located behind
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a 75° triangular wing at 20° angle of attack is presented in figure 3.
The four shields located in the corners contain the lights which pro-
vide illumination for photography. As the tufts indicate, the tunnel
was in operation when this photograph was taken.

Tesfing Procedure

A cutaway view of a section of a wind tunnel showing the general
location of the camera, the tuft grid, and the model is presented in
figure 4(a). The camera can only record the projections of the tufts
and model in a vertical plane. Still or motion-picture cameras may be
used for photographing the grid. The still camera used for these tests
was an automatic aerial camera with a 20-inch-focal-length lens. A
standard motion-picture camera was used for a portion of the tests.

The cameras were placed 60 feet downstream of the tuft grid for all
tests in order to minimize parallax. An illustrative example of the
type of picture obtained by a still camera is shown in figure 4(b). In
this figure the gray triangular area represents the vertical projection
of a triangular-wing model operating at an angle of attack. The short
dark lines represent the tufts. In the relatively undisturbed regions
of flow, the tufts sppear as short dark lines or dots (see the center
of the top horizontal row) and in the disturbed regions, as longer lines.
One of the tufts in the sketch has been magnified for the purpose of
illugstration. The vertical and horizontal projections of each tuft
together with the tuft length (3 in. for this grid) determine the down-
wash and sidewash angles of the flow at a given location.

A practical limit of accuracy of the tuft grid employed in this
o
investigation is believed to be i% of angle for an individual tuft for

regions of reasonably steady flow. Parallaex causes an error of about
20 at the edge of the grid and must be accounted for in actual measure-
ments of downwash and sidewash. At a specific point, however, actual
determination of the change in downwash caused by some small model modi-
fication, such as filleting, could better be accomplished by the use of
a pitot-yew head.

Models

A total of six wings were tested in this investigation. The perti-
nent geometric and aerodynsmic properties of these wings are listed in
table I. For all the test configurations, the wings had a strip of
white masking tape on the trailing edge which photographed as a solid
white line.
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Tests

A1l the tests, including the force and moment tests, were conducted
in the 6- by 6-foot test section of the Langley stability tunnel at a
dynemic pressure of 8 pounds per square foot, which corresponds to a
velocity of approximately 58 miles per hour and to Reynolds numbers
from 630,000 to 1,400,000 based on the mean serodynsmic chord. Data
were obtained for the rectangular wing, the 450, 600, and 75° triangular
wings, each having an NACA 0012 airfoil section, through the angle-of-
attack range for zero yew. For the 60° triangular wing having an NACA
65(06)-006.5 alrfoil section, data were obtained through the angle-of-

attack range for wvarious angles of yaw and through the yaw range for
various angles of sttack. An angle-of-attack run for this same wing’
was obtained with 10-percent all-moving half-delta tip controls
deflected -20°. Figure 5 presents some of the 1ift, drag, and pitching-
moment characteristics as a functlon of angle of attack at zero side-
slip for the rectangular and the 45°, 60°, and 75° triangular wings.
Representative tuft-grid and surface-tuft photographs are presented for
all tests made.

Yawing oscillation tests were conducted for a 60° triangular wing
which was made of %-—inch plywood with rounding near the leading edge

and an 8° bevel at the trailing edge. Tuft-grid photographs were obtained
by using a 16-millimeter movie camera for an oscillation frequency of
about 1 cycle per second for the tuft grid located 6 inches downstresm
of the wing trailling edge. A serles of enlarged photographs taken from
movie film are presented for this freguency.

The force and moment data have been corrected for the effect of the
Jet boundaries by the following formulas:

po=57.382 ¢

ACD=6%CL2
where
PaYeA correctlon to angle of attack
ACD correction to drag coefficient
S wing erea, square feet

C wind-tunnel cross-sectional area (36 sq f£t)
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The jet-boundary correction factor & for the wings listed in table I
is as follows:

Wings- o)
Stangular P ¢ JO B 153
riaDEULAT + o + 4 o o o 4 s e o e s o s o s e e e .« . 0.154
60triangular.......................0.145
75 tri8NEULAT « 4 « 4 . 4 4 e e e e e e e e e e e s e ... 0.1bO

No corrections, however, have been applied for blocking, turbulence,
or support-strut interference, and no attempt has been made to correct
for distortion of the flow flields by the tunnel walls.

RESULTS AWD DISCUSSION

Angle-of-Attack Variations at Zero Yaw

Rectangular wing.- The tuft-grid and surface-tuft photographs for
the rectangular wing are presented in figures 6 and T, respectively.
The s0lid white line in figure 6 represents the wing trailing edge and
moves downward with respect to the grid as the angle of attack is
increased. The tralling vortices begin to form near the wing tips as
evidenced at both grid locations for ap = 8°. A line of shear indi-
cating the presence of the trailing-vortex sheet may be seen near the
trailing edge at this angle of attack for the 6-inch grid location.
This shear does not show at the 24-inch station or at higher angles of
attack, presumably because the degree of roll-up of the vortex sheet
is proportional to the distance behind the wing and the 1ift coefficient.
The increase in vortex strength at higher angles of attack is indicated
by the growth of the area influenced by the vortices. Throughout the
angle-of-attack range, the trailing vortices remain near the wing tips
Pfor this particular plan form. For & given angle of attack, little
variation is apparent between the photographs for the two grid locatlons

except at aq = 18°. Lift and pitching-moment data (fig. 5) indicate

that a stell occurred slightly above a = 16°. The surface-tuft photo-
graph for agq = 18° indicates that the stall occurred near the wing

center section. The stall is also apparent on the tuft-grid pictures
for agq = 18° as evidenced by an erratic behavior of the tufts near

the center of the wing span.

The behavior of the tufts at Qp = 18° was of the nature that would

be obtained from a three-dimensional form of the von Kdrmdn vortex street,
wherein the discharged vorticity appears as a trall of ring vortices.
This effect has been more graphically illustrated by motlon pictures of
the pattern on a tuft grid mounted behind a long 2-inch by 4-inch timber.

n



NACA TN 26Tk . 7

In this case, a fluctuating spanwise pattern, indicating both a span-
wise as well as a streamwise distribution of ring vortices, is shown.
The existence of this behavior would be expected to be dependent on the
Reynolds number in much the same manner as for the two-dimensional case.

The significant differences in the tuft-grid pictures of two tail
lengths at o = 18° are the amount of area on the tuft grid influenced

by the stall and the behavior of the tufts. The tufts at the 6-inch
station appear to be moving much more violently than et the 2h inch
station, as would be expected.

45 triangular wing.- Tuft-grid and surface-tuft pictures for the
triangular wing having the leading edges swept back 45° are presented
in figures 8 and 9. The trailing vortices are first seen near the wing
tips at 8° angle of attack as indicated in figure '8 for both grid loca-
tions rearward of the model. For the 2k-inch station, both vortices
are glightly above the tips. At Op = 120, the surface tufts show that

a small region on either tip has developed a rough flow that is directed
generally outward; this behavior indicates an inward movement of the
trailing vortices, At ap = 16° and 20°, the area of the wing covered

by the rough flow has increased. The tuft grid for both the 6- and
24-inch stations clearly indicate the unsteady flow field and inward
movement of the trailing-vortex system for ag = 16° and 20°. -For

these test conditions, this particular leAding-edge sweep appears to be
a critical one where the tip stall is accompanied by a sudden inward
movement of the trailing-vortex system. The nature of the tralling-
vortex system of this and the other wings tested is in general agree-
ment with the results indicated by higher-scale wind-tunnel investiga-
tions. (See reference 3.)

60° triangular wing.- The tuft-grid and surface-tuft photographs

for the 60° triangular wing, having an NACA 0012 alrfoil section, are
presented in figures 10 and 11. The inward movement of the vortices
from the tips is very evident as the angle of attack is increased.
(See fig. 10.) For ap = 32°, the wing is approaching the angle of

attack for meximum 11ift, hence, the rather violent pattern indicated )
for the 6-inch station. Some.difference exists between the 6- and
24-inch stations for Op = 16°. For the 24%-inch station, the pattern

on the grid below the wing trailing edge indicates a triangular area

of almost pure downwash, the lower 1limit of whilch is believed to define
the tralling-vortex sheet. This sheet is slightly above the inter-
section of the wing chord plane with the tuft grid. For the 6-inch sta-
tion, the vortex sheet is much less deflected, as may be noted from the
line of shear near the tralling edge, and this region of pure downwash is
almost nonexistent. The surface tufts for Cp = 240 and 320 indicate the
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unsteadiness associated with the lnward movement of the trailing-vortex
system near the leading edge of the tip sections. This unsteadiness
can also be detected at the outer edges of the wing in the tuft-grid
photographs.

75° triangular wing.- The tuft-grid and surface-tuft photographs

for the T75° triangular wing are presented in figures 12 and 13. The
surface-tuft photographs (fig. 13) for Oy = 16°, 200’ and 32° indi-

cate narrow well-defined bands on both the left and right semispans

of the wing where the tufts are pointing toward the tips. This region
locates the trailing vortices as they leave the apex and sweep back
across the wing inside of the leading edges and slightly above the wing
surface. No evidence of an unsteady flow is apparent for this wing in
either the surface-tuft or tuft-grid photographs. The 1ift data (fig. 5)
indicate that the angle of attack for maximum 1ift is above the range

of angles tested in this investigation. For this degree of leading-edge
sweep, the tralling vortices, as Indicated by the tuft grid, remain
essentially in the same location as the angle of attack is increased.
The triangular area of almost pure downwash (no sidewash) is also
apparent for this wing (see G = 16°).

Effect of Sideslip

Figure 14 presents tuft-grid photographs through the angle-of-
attack range for a 60° triangular wing having sn NACA 65(06)-006.5
o

airfoil section for values of the angle of sideslip of O°, -50, -107,

and -20° and a grid location of 24 inches downstream of the model. For

the condition of zero sideslip, the tralling vortices move inboard from

the tips as the angle of attack is increased, as was noted for the 60°
triangular wing with NACA 0012 section. For sideslip angles of -5°, -lOo,
and -20°, the vortex leaving the tip of the leading semispan moves

inboard from the tip as the angle of attack is increased. The vortex
leaving the trailing semispan, however, remained in about the same location
relative to the wing tip for all angles of attack at a given angle of
gideslip. Shown in figure 15 are surface-tuft photographs, showing

the effect of sideslipping the wing model while at a constant angle of
attack. Evidence of an gbove-surface vortex flow is lncreased on the
retreating semispan, and evidence of tip stalling is increased on the
advancing semispan as the angle of sidesglip is increased.

Deflecting Tip Controls

Tuft-grid and surface-tuft photographs for the 60° triangular wing
having an NACA 65(06)-006.5 airfoil section with 10-percent half-delta
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all-moving tip controls deflected -20° are presented in figures 16 and
17. Figure 16 shows two vortices originating at either edge of each
control at zero angle of attack. At the 2h-inch station, for both 0°
and 4° angles of attack, the vortices appear to be slightly farther
above the control surface than for the 6-inch station. As the angle
of attack of the wing is increased, however, the two primary vortices
of the wing become apparent and the tip-control vortices disappear.

Yawing Oscillation Tests

In order to determine the general applicability of the tuft grid
in providing physical interpretations of various forms of flow fields,
photographs were obtained for a 60° flat-plate-section trianguler wing
oscillating in yaw through +12° at a frequency of about 1 cycle per
second. The wing model was at an angle of attack of 21°, and the tuft
grid was located 6 inches downstream of the wing trailing edge. The
data were recorded by means of a 16-millimeter movie camers operating
at about 75 frames per second. Various frames during the oscillation
vere enlarged and are presented in figure 18. The time lag between the
occurrence of a particular flow pattern at the wing traliling edge and
at the tuft grid is sbout 0.01 second so that this factor is of 1little
importance for this sequence of pictures.

An interesting character is apparent in the behavior of the tralling-
vortex system for this oscillating wing. The rough flow field that
develops in the vicinity of the out-going tip near maximum amplitude, as
may be seen from figure 18, frames 21 to 25, persists until the model
has returned and passed considerably beyond zero emplitude. (See wing
tips in fig., 18, frames 1 to 5, 11 to 15, and 21 to 25.) This aerodynamic-
lag effect 18 assoclated with semistalled flow and may be considersbly
different from that for purely potential flow.

CONCLUDING REMARKS

A qualitative examination of the data obtained from the applicatipn
of a tuft-grid flow visualization technique to the flelds existing
behind several low-aspect-ratio wings of rectangular and triangular
plan forms indicated that the character of the flow field is in general
agreement with what has been anticipated on the basis of higher-scale
tests utilizing other techniques. The results indicated also that
quantitative analyses concerning such factors as trailing-vortex strength
and location, and approximate downwaesh and sidewash angles over a large
area behind 1ifting surfaces and other aerodynamic forms may be satis-
factorily conducted with data obtained by this technique. The use of
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this tuft-grid technique should provide an excelleﬁt 1llustration of
aerodynamic phencmena involving interaction between combinations of
lifting surfaces and aerodynamic shapes.

Langley Aeronsutical Laborsatory
National Advisory Committee for Aeronautics
Langley Field, Va., January 11, 1952
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TARIE I.- GEOMETRIC CEARACTERISTICS OF WINGS IRVESTIGATED

Bweep of Aspect [Wing span| & S Alrfoil sectlon jRoot <
Flan form lea?é:g)edge ratio (in.) [{in.)|(sg in.) ﬁfiiilgi :; CFEE? ??g?? (in.)
A 45 4.0 8.0 16.0 | ‘576 NACA 0012 2h,0 [12.0
i/A\i &0 2.3 36.5 21.1 576 RACA 0012 31.6 |15.8
A 75 1.1 24.8 30.9 576 NACA 0012 6.4 |23.2
! P 0 2.6 37.0 1.1 518 NACA 0012 1.1 j10.5
zfiiiiifx 60 2.3 36.5 21.1 576  |NACA 65(06)_006.5 31.6 [15.8
1
(a)
{ } 60 2.3 36.5 21,1 576 Flat plate 31.6 [15.8
(b)

8With end without l0-percent half-delta all-moving tip cemtrols deflected.
byged only in oscillaetion test.
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Figure 1.- System of axes employed in this paper.
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L-72718

Figure 3.—‘ Tuft grid and supporting system located behind a T5° triangular
wing at 20° angle of attack.
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——ﬂ{%%——BOO of flow angularity

(a) Tuft grid 6 inches from (b) Tuft grid 24 inches from
trailing edge. trailing edge.

Figure 6.- Tuft-grid photographs for a rectangular wing of 2,31 aspect
ratio with NACA 0012 airfoil section for two stations behind the

Ving.‘ B = 0. 7 *q:E%;:;;7
| L-72719




NACA TN 267k 19

aq
(deg)

._,u N R ) UMy
S Thdbe o ﬂ‘ﬂu (1)
ceer [P PO P B TR hm
PR ' ' [ U A N M lelv
nep e , 3 PR
, e R T LT AT | AT "l»U!t/
R R N R O ¥ B 11| S L TR [T 0
gt gl gt gty R i
ST g gl e 1l g s 1‘.“;[;7);, I
Mo Pt gy G et L
W R gl F g tinran oo, 1\1 IJJ

3 RN IR SRR A
" wadpngr e ’ i .z Yoy adimite ;:l.l 1hali)
L g e . Oy "UM
G i g ot R A L
i ST TS L
IA‘ R ' v AN LTS S A | AT ) l(-l 8

K N ’ i " i . . ‘ N n N [ N
/‘ A RN XY Lo, - R R PN |

i

okt '7|l IS w0 e g
AR R L F A v Ry
T T 1k e BNy

auh G N o
et . . . {
¢ A A ! L ¥ i - .
LTI ERNA ,

Sl

LI

IR R I L [ T A

i 4 . >SRN T A
Hiid J!JIAMF 1 Gk T e P A TP 1)
#H TR s PR s Lot RIS °

s
Lot i g Wl oty [T IR A

LW
by B i
. N il vy M b My ) ,m)m!'m71.'('/!//'[/0‘\\
; . woe B g I L e 0 g Ny 12
L T N V1 K U T A T T Y TR
a o AP ket oL, WIS Y I N
R R Ry LR L TR ST PN TR 1wy
el s W g 0t 10 iy Ny, ;:/;!- VU -
e — kal

ulhyy

lHll“HH”HHIHIHHﬂ g2 L e B c d
fd WL ST R S R A R R
TP 1AL Lo .
RN T AR T Y RN P TR e il 16
FZAUNOUEINIT U I o de - - Loy W
S AT R L0 T e TR T IELLY S
ZIEHIE n-mulmuummmﬂﬁ. N R O R R :zmwuux\\\
2Lt T T TR BN ~~!,~7 g D ), AN
AR YIRS AR VRYRRYRARYONRNRY " ) i g e il HOUN) 3 ‘uqu;llm\\g\g‘“
e £ -

. e o — :__

- PR ? I P ‘j ' ‘f/*
D ) s wulh W b W”\“
B Vit i

<

ér N v AR

1 ! . v TN 4"1|I»)‘il P TR T IR Y A_H/\'/ i)
£ i % ERTR TR IS L 30 18

' \;:5?',,“’Wloajnﬁu Wi e s
S 2 W N

N

=g Sy B8N gnit g .
g = A NN
< 3 P T e e e

N PRPSCRA Y Y ~

— = -

- L-72720
Figure 7.~ Surface-tuft photographs for a rectangular wing of 2.31 aspect
ratio and NACA 0012 airfoil section. B = 0°.




———4|+———30° of flow angularity

i Y o n a e
: :
:: 3
» . l:l
it e o
2 e
> 20
2 1 3 TNk A 2y
N 3 Law
. =18 e S T
“,‘F‘l_,f!}-' paie oL 30 PR A 1> Sl o

EEEENNEYS SO
e g
SH_B 5

=
3% %
0
'&n Yt ; s
n! )(
4
,Jg
u
v
2 E
+ e
£l ;
i
¥
it [ .“‘n.c
s
b4
S
e
AN
il

J!

©

(a) Tuft grid 6 inches from
trailipng edge. .

CI:Il
(deg)

o)

16

20

NACA TN 2674

?
2etd
POT .
i} e
L7l
g N
FET 4 -

i

: Hi "
#H n
b e
. At
H (
3
i ‘

(b) Tuft grid 2% inches from
trailing edge.

Figure 8.- Tuft-grid photographs for a 45° triangular wing with
NACA 0012 airfoil section for two stations behind

wing. B8 = o°.

“!ﬂ‘ﬂ"’

L-72721




NACA TN 2674

T o
WRi7 e \
£ m,/_. 'u.”' l

Fa— il

. fv:url_u,d.ur NIy i
: b ar~“ AT RTINS g
5 ISR L TATIY L EUNK SRR - g~
. Ut L gl ] Ao \5\\\&\\::&3» :

T BETIRRAREE ) . "
) lu W out ogaun? o
up)mwﬂuuulm,_u. M <

= W ..

LS TR T 1

ST PO >

L8 e )
- KO !

Figure 9.

e *f.—lml/mymm :

e M s

CTAMINLJ ey AR

e AN RO S
Camns g 7777

21

13y o
: l[l{lilllh (ALY
‘hliluww‘l\\u\wm d \110\\.

o R e s e

D RTRTR I IR

c(T=20°

NACA 0012 airfoil section.

B = 0°,

L-72722

Surface~tuft photographs for a 45° triangular wing with
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